ABSTRACT. Studies using the time-temperature threshold (TTT) method for irrigation
rain sorghum is a relatively reliable crop for producers in the Texas High Plains Region because it is known to tolerate drought well and is in demand as feedstock for confined animal feeding operations and ethanol production. Both early and late-maturing sorghum hybrids are used in this region, and producers typically irrigate this crop at deficit levels (Sweeten and Jordan, 1987) . Grain sorghum is thus a good candidate for farms with limited well capacity, and it plays a beneficial role in crop rotations with soybeans, cotton, and wheat (Baumhardt et al., 2007) .
With declining water available for irrigated agriculture, deficit irrigation schemes are unavoidable. The low-energy precision application (LEPA) irrigation concept was designed to utilize limited water supplies with some degree of deficit irrigation (Lyle and Bordovsky, 1983) . Managing crops with deficit irrigation levels requires vigilance to prevent significant yield losses, reduction in quality, and early crop lodging (Carmi et al., 2006) . Bordovsky and Lyle (1996) demonstrated that grain sorghum responds to higher-frequency irrigations and that yields were significantly better when irrigations were applied using LEPA socks at a 3.5 day interval, as compared to intervals that were 2×, 3×, and 4× greater. Applying irrigation to meet crop water demands is critical to limiting yield losses and improving water use efficiency. Manual scientific irrigation management methods can determine when and how much to irrigate, but they are labor-intensive and require specialized instruments. Therefore, producers have traditionally relied on visual observation of crop water stress for irrigation management. Symptoms of plant water stress in grain sorghum can be visually observed. For example, at the pre-flowering stage, leaf rolling, uncharacteristic leaf erectness, leaf tip and margin burn, delayed flowering (Rosenow et al., 1983) , and decreased peduncle extension (Eck and Musick, 1979) may occur. At the post-flowering stage, water stress symptoms can be manifested as premature plant death, stalk lodging, stalk rot, and significant reduction in seed size (Mastrorilli et al., 1995) . Yet in large fields or on variable soils, crop water stress may not be uniform, and visual detection of these warning signs may be too late to avoid significant yield losses. Furthermore, the general trend of farm consolidation (e.g., USDA-NASS, 2008) has resulted in fewer personnel managing larger irrigated areas, with a proportionate increase in the time required for irrigation management by visual observation. Therefore, new methods are needed to reduce irrigation management time.
Automated sensor-based irrigation scheduling is one method to reduce management time for a producer farming multiple fields. Symptoms of crop water stress can be detected early (prior to visual signs) with crop canopy temperature measurements (Idso et al., 1980 (Idso et al., , 1981 Jackson, 1991; Pinter et al., 1983) and can be remotely monitored by infrared thermometers stationed in the field (Howell et al., 1984) or placed on a moving sprinkler system (Sadler et al., 2002; O'Shaughnessy et al., 2011a) . The time-temperature threshold (TTT) method of irrigation scheduling, also known as the Biologically Identified Optimal Temperature Interactive Console (BIOTIC, U.S. Patent No. 5,539637; Upchurch et al., 1996 ) is a plant feedback method for irrigation control. This method uses a stress time and cropspecific optimum temperature to indicate water stress (Wanjura et al., 2006) . The TTT method has been implemented successfully to produce yields that are similar to or better than those achieved with the scientific method of weekly manual irrigation scheduling (Evett et al., 1996; Peters and Evett, 2008; O'Shaughnessy and Evett, 2010a) . In manual irrigation scheduling, ET c is calculated as the soil water balance residual using neutron probe measurements or as the product of the crop coefficient reference ET using micrometeorological measurements (e.g., Evett et al., 2012) . In the TTT method, the radiometric surface temperature of the crop is measured using infrared thermometers (IRTs), and temperature measurements are compared to crop-specific threshold values (~26°C to ~28°C for many common field crops), while time threshold values are region-specific (table 1) . Multiple threshold values are used to control water use efficiency levels, whereby higher threshold values result in less frequent irrigations.
Stress time thresholds have been established for corn, cotton, and soybean in regions of the southern Great Plains, but minimal data have been reported for sorghum. Differently maturing hybrids of sorghum are important to producers in the region. While short-season sorghum hybrids are better adapted to limited irrigation than late-maturing hybrids (Allen and Musick, 1993) , late-maturing hybrids produce larger yields. Both varieties are produced in the Texas High Plains region. Our objectives in this study were to: (1) evaluate the use of the TTT method for automatic irrigation scheduling of early and late-maturing grain sorghum hybrid varieties, and (2) determine the crop response to deficit irrigation amounts.
METHODS A D MATERIALS EXPERIME TAL SITE
Experiments took place at the Conservation and Production Research Laboratory, Bushland, Texas (35° 11' N, 102° 6' W, 1170 m above mean sea level). The field soil was a Pullman clay loam, a fine, mixed, superactive, thermic, Torrertic Paleustoll (USDA-NRCS, 2011). The field capacity (0.33 m 3 m -3 ) and wilting point (0.18 m 3 m -3 ) water contents were assumed uniform across the center-pivot field. The climate is semi-arid with an average annual precipitation of 470 mm.
AGRO OMICS
A late-maturing variety of grain sorghum (Sorghum bicolor L. Moench, cv. Pioneer 84G62), was planted on May 30, 2009, on day of year (DOY) 152, and an early maturing variety (Sorghum bicolor L. cv. NC+ 5C35) was planted on June 28, 2010 (DOY 179). Both crops were planted in concentric rows on beds spaced 0.76 m apart under a six-span center-pivot irrigation system. Treatment plots were arranged in six pie-shaped sections arc-wise around half of the center-pivot circle ( fig. 1 ) with alternating pie-sections for manual and automatic irrigation scheduling. Irrigation treatment amounts were randomly assigned, with three replications arranged radially from the pivot point. Radial and arc-wise blocking was designed to allow for variability in antecedent soil water content, overland flow in case the furrow dikes were not completely effective, and unwanted variability in irrigation application rate due to position along the lateral.
Fertilizer was applied prior to bed preparation using a knife application based on soil samples obtained before planting and tested by a commercial soil testing laboratory. Fertilizers and herbicides for weed control were applied through the pivot lateral (table 2).
MA UAL IRRIGATIO SCHEDULI G
Manual irrigations were scheduled weekly on oddnumbered DOY based on 80%, 55%, 30%, and 0% (designated I 80%M , I 55%M , I 30%M , and I 0%M , respectively) of full replenishment to field capacity of water depletion in the top 1.5 m of soil. Soil water content was determined weekly using a neutron probe (model 503DR1.5, Campbell Pacific Nuclear, Martinez, Cal.) to the 2.3 m depth in 0.20 m increments in the I 80%M treatment plots. In all other treatment plots, soil water was measured by neutron probe once every 30 days to calculate ET c as the residual of the soil water balance. An access tube was placed within a row in the center of each plot (18 rows wide). The neutron probe was field calibrated to an accuracy of better than 0.01 m 3 m -3
, resulting in separate calibrations from three distinct soil layers (Ap, Bt, and Btca) using methods described by Evett (2008) . A depth control stand (Evett, 2002) was used with all neutron probe measurements to maintain probe depth consistency at all depths and accuracy at the shallow (0.10 m) depth. Any precipitation occurring prior to irrigation of the total amount for the week was subtracted from the required total. 
AUTOMATIC IRRIGATIO SCHEDULI G
Irrigations for the automatic control treatments were 80%, 55%, 30%, and 0% (designated I 80%A , I 55%A , I 30%A , and I 0%A ) of 20 mm, i.e., twice the daily peak water use of grain sorghum for the Texas High Plains region (Steiner et al., 1991) . These irrigations were applied on even DOY, when scheduled by the TTT algorithm (Peters and Evett, 2008) if the average TTT (weighted by plot size) was exceeded in the I 80%A treatment plots. The temperature threshold was selected to be 28°C, while the time threshold was calculated to be 315 min using data from well-watered grain sorghum grown on weighing lysimeters at Bushland, Texas (Howell et al., 1997) . The time threshold was established by calculating the average time (within a 24 h period) that the canopy temperature exceeded the specified temperature threshold during a growing season. A limiting relative humidity (LRH) algorithm was added to prevent threshold time accumulation if canopy temperatures that exceeded the temperature threshold were due to high humidity (Wanjura and Upchurch, 1997) . Our LRH algorithm was based on a wet bulb temperature of 26°C. If the wet bulb temperature calculated from the real-time air temperature and humidity exceeded this wet bulb temperature, then time was not accumulated towards the TTT.
IRRIGATIO EQUIPME T A D I STRUME TATIO
The center-pivot lateral was equipped with flexible drop hoses located in every other furrow, each outfitted with a pressure regulator rated at 41.4 kPa (6 psi), and doubleended low-energy precision application (LEPA) drag sock (Lyle and Bordovsky, 1983) . Irrigation treatment amounts were accomplished by nozzling, and the sprinkler system operated at an average pressure of 172.4 kPa (25 psi).
A wireless sensor network (WSN) was established on the pivot lateral and in the field below to collect canopy temperature and automatically schedule irrigations for treatment plots established within the automatic control sections ( fig. 1 ) under the center-pivot system. The WSN was comprised of 24 wireless infrared thermometer (IRT) sensor modules and one wireless GPS (geographical positioning system) unit, WAAS (wide area augmentation system) corrected. The sensors deployed in 2009 were developed by interfacing Exergen infrared thermocouple thermometers (IRT/c.5:1 type T-80F/27C, Exergen, Watertown, Mass.) with off-the-shelf XBee 802.15.4 OEM (original equipment manufacturer) RF modules (O'Shaughnessy and Evett, 2010b) . Those deployed in 2010 were developed by interfacing an infrared thermometer (MLX90614-BCF, Melexis, Ypres, Belgium) with the aforementioned RF module (O'Shaughnessy et al., 2011b) . Sensors were calibrated in a controlled temperature chamber (Environmental Growth Chambers, Inc., Chagrin Falls, Ohio) against a blackbody calibrator (CES100, Electro Optical Industries, Inc., Santa Barbara, Cal.). Measurements from each sensor were transmitted every 5 min to an embedded computer at the pivot point. The algorithm for the TTT method was executed at midnight using canopy temperature measurements obtained during the previous 24 h. Pivot control and irrigation management were accomplished using Visual Basic in Microsoft Visual Studio 2008 (ver. 8.0). The base-station computer at the pivot point was remotely accessed by a wireless Ethernet connection. Because the pivot was moving when canopy temperature measurements were obtained, the center-pivot lateral passed over each plot during different times of the day, which required a method to determine the canopy temperature (T s ) throughout the daylight hours for each plot. We used the scaling procedure described by Peters and Evett (2004) 
where T e is the predawn canopy temperature (°C), T ref is the reference canopy temperature at the same time interval as T s (°C), T rmt,t is the one-time-of-day canopy temperature measurement at the plot (remote location, denoted by subscript rmt) at any daylight time t measured by the IRTs on the pivot lateral (°C), and T ref,t is the measured reference temperature for the same time t that the plot (remote) temperature measurement was taken (°C). The diel T ref,t was obtained using stationary IRTs mounted on fixed masts in the I 80%A irrigated treatment plots. Total above-ground biomass yields were sampled from a 1 m 2 area, and grain yields were hand-harvested from a 10 m 2 area in each of the 72 treatment plots prior to mechanical harvesting. Heads were stored in cotton bags and air-dried until there was minimal change in mass. Heads were thrashed, and the grain was oven-dried.
BIOPHYSICAL MEASUREME TS, SAMPLI G,
Crop evapotranspiration (ET c ) was calculated as a residual of the soil water balance equation (Evett, 2002) :
where ET c is evapotranspiration, ∆S is the change in soil water stored in the profile as determined by neutron probe (final minus initial soil water measurement), R is the sum of runon and runoff, P is precipitation, I is the irrigation water applied, and F is flux across the lower boundary of the control volume (taken as positive when entering the control volume), all in units of mm. The values of R and F were assumed to be negligible because the field was furrow-diked, plots were large enough that horizontal fluxes were important only in plot borders, and neutron probe measurements indicated negligible flux in the 2.1 to 2.3 m depth range based on small hydraulic conductivity and hydraulic gradient values. On days when neutron probe measurements were not obtained, ET c was calculated for each plot using a soil water balance approach following Allen et al. (1998) . Briefly, this approach was based on the dual crop coefficient (K c ) approach:
where K cb is the basal crop coefficient, K s is the soil water stress coefficient (a function of soil water depletion and atmospheric demand), K e is the soil water evaporation coefficient, and ET o is the reference ET of a short crop. The ET o and K cb values for Bushland were acquired from the Texas High Plains ET Network (Howell et al., 1998 
where Y g is the economic yield (g m -2 ) (Howell, 2002) . Irrigation water use efficiency (IWUE, kg m -3 ) was calculated as:
where Y gi is the economic yield (g m -2 ) in the ith treatment level, Y gd is the dryland yield (g m -2 ), and IRR i is the irrigation water applied (mm).
STATISTICAL A ALYSIS
Results from each year were analyzed separately using the Mixed Models procedure (Littell et al., 2006) with SAS statistical software (ver. 9.2, SAS Institute, Inc., Cary, N.C.). The main factors of irrigation method (automatic and manual) and irrigation treatment (80%, 55%, 30%, and 0%) were treated as fixed effects. Random effects included pie-shaped sections and concentric plots. Differences among means of fixed effects were tested using least square mean differences, and p values were adjusted for multiplicity with the Tukey-Kramer test (p ≤ 0.05). Denominator degrees of freedom were approximated by the Satterthwaite method. The SAS model estimated variance components using restricted maximum likelihood (REML).
RESULTS A D DISCUSSIO CLIMATE A D PRECIPITATIO
In 2009, precipitation totaled 536 mm, which was approximately 50 mm greater than average. Seventy-four percent of precipitation for this growing season occurred between the boot and flowering stages. The greatest maximum air temperatures occurred in the months of June, July, and August (table 3) . In 2010, at the time of planting, the soil water profile was initially near field capacity and fairly uniform due to snowfall in the late winter and early spring months. The total precipitation between the boot and flowering stages for the 2010 growing season was approximately 50% less than in 2009, while the maximum air temperature remained higher from June through September in 2010. Reference ET (ET o ) values in 2010 for the months of August through October were greater than in 2009.
SOIL WATER PROFILE A D IRRIGATIO S
In 2009, pre-plant and post-plant irrigations, made prior to initiation of automatic irrigation scheduling, totaled 246 mm and were applied uniformly across all treatment plots due to an initial dry soil profile. Automatic irrigations kept pace with the manual irrigations through September 10 (DOY 253) ( fig. 2a) , after which they ceased for nine continuous days. The sky was cloudy from DOY 254-256, and lower ambient air (maximum values <27.5°C) and crop canopy temperatures persisted from DOY 254 to 261. By DOY 264, the crop was nearing physiological maturity, as suggested by the formation of a black layer in the grain; and irrigation was ended after the last automatic scheduled irrigation on this date. Irrigations were terminated late in the season to prevent lodging in the majority of plants.
Since we irrigated at different treatment levels, average optimal available soil water content was used to aid in the decision to terminate irrigations. The total amount of manual irrigations scheduled from July 14 (DOY 195) through Sept 21 (DOY 264) for the I 80%M treatment plots resulted in 390 mm of applied water. This was 19% more than the amount scheduled with the TTT method for the I 80%A plots (table 4).
Soil water balance calculations indicated that the average soil water in the root zone for the I 80%M and I 80%A plots remained well above the MAD level (at 55% of TAW) after DOY 212, and 202, respectively. Average soil water in the root zone remained highest in the I 55%A treatment plots between the flowering and soft dough stages but was below or near the MAD level for the I 55%M treatment plots during the growing season. Treatment plots at the I 30%A level dropped below the MAD level ( fig. 3a) near DOY 254, when no irrigation signals were received, which was near the soft dough stage. The average soil water depletion levels for the I 55%A treatment plots were at or slightly below the MAD level. If irrigations were terminated after DOY 252, then soil water depletion levels among automatic and manual methods at the same irrigation treatment level would be similar, and ET c would be less in the manual irrigation treatment plots.
Automatic control irrigations in 2010 for the I 80%A plots totaled 349 mm, or 5% more than the full amount applied to the I 80%M treatment plots. Irrigations that were signaled by the TTT method but not required by the manual method occurred from DOY 219 to 225, which was 17 to 22 days after planting (DAP) (fig. 2b) . The crop was in the early vegetative stage at this period. Average soil water levels in the root zone in the irrigated treatment plots with both the manual and automatic control methods remained greater than the MAD level from DOY 223 to 251. Average soil water levels in the I 30%A treatment plots fell below this critical point after DOY 251, but the crop was nearly in the hard dough stage at the time. Terminating irrigations after DOY 262 would have resulted in similar average values of soil water depletion in the root zone when comparing between irrigation methods within similar irrigation treatment amounts. BIOPHYSICAL MEASUREME TS In 2009, there was no significant difference between plant height and width or growth stage between the manual and automatic control methods when comparing measurements across the same treatments (figs. 4a and 4b). Plant heights and widths, when grouped by irrigation treatment alone (I 80% , I 55% , I 33% ), were not significantly different until 66 DAP, after which the plants receiving the greater irrigation amounts (I 80% and I 55% ) were significantly larger than those irrigated at the I 30% and I 0% levels. Plant growth stages were delayed by a few days in the I 30% and I 0% treatment plots. Most grain from the I 0% plots did not fill due to the limited amount of irrigation water and precipitation. A number of plants in the automatically irrigated plots at the I 55% level lodged prior to machine harvesting. It is likely that the lodging was more visible in these plots due to their relatively tall height and less irrigation applied, as compared to those in the I 80%M , I 80%A , and I 55%M treatment plots. In 2010, plants in the I 80%A and I 55%A plots were significantly greater in height (figs. 4c and 4d) and width (not shown) than those in the I 80%M and I 55%M plots. This difference in growth rate may have been due to the unmatched irrigations signaled by the TTT method for the automatic control plots early in the irrigation season.
CROP RESPO SE TO IRRIGATIO METHOD A D TREATME T AMOU TS
Treatments did not affect plant density, which averaged between 11 and 13 plants m -2 in 2009 and 2010, respectively (data not shown). In 2009, average response variables of yield (biomass and grain), WUE, and IWUE were not significantly different between irrigation scheduling methods (table 5). Crop evapotranspiration (ET c ) was significantly greater for the manual treatment plots due to the larger irrigation application amount applied during the growing season. Responses of biomass and dry grain yield, WUE, and IWUE were similar between the automatic and manual treatment plots across the same irrigation treatment levels, i.e., F-values were not significant at p = 0.05 (table 5) . Although not significant, biomass and dry grain yields for the I 30%M treatment were greater than for the I 30%A treatment. Seed mass for the I 30%M plots was also significantly greater than for the I 30%A plots (data not shown). Since there were no significant soil water differences between the I 30%M (404.6 ±38 mm) and I 30%A (401.1 ±22 mm) treatment plots at the beginning of the irrigation season, the larger grain yield for the I 30%M treatment was likely due to greater irrigation water applied. Water use efficiency was greatest in the I 80%A treatment plots but not significantly different from the I 80%M and the 55% In 2010, biomass and dry grain yields, ET were not significantly influenced by irrigation scheduling method. Irrigation water use efficiency was significantly greater when controlled by the automatic method (F = 5.3, Pr>|t| < 0.04) (table 6). Mean biomass and dry grain yields, WUE, and IWUE for the automatic control plots were higher than for the manual control plots within the same i rigation level, although not significantly so. Differences in WUE and IWUE were due to differences in yield rather than differences in water use. This level of performance supports the use of automatic irrigation scheduling in as much as there were no gross over-or under the growing seasons.
Soil water depletion in the root zone was sustained above or near the MAD level through the flowering stage for all irrigation amounts in both the automatic and manual treatment plots, with the exception of the 0% treatment plots. Average depletion of water in the root zone in the I 30%A treatment plots at the MAD level did not adversely impact crop yield, as in the previous year. However, in In 2010, biomass and dry grain yields, ET c , and WUE were not significantly influenced by irrigation scheduling method. Irrigation water use efficiency was significantly controlled by the automatic method (F = 5.3, Pr>|t| < 0.04) (table 6). Mean biomass and dry grain yields, WUE, and IWUE for the automatic control plots were higher than for the manual control plots within the same irly so. Differences in WUE and IWUE were due to differences in yield rather than differences in water use. This level of performance supports the use of automatic irrigation scheduling in as or under-irrigations for Soil water depletion in the root zone was sustained above or near the MAD level through the flowering stage for all irrigation amounts in both the automatic and manual treatment plots, with the exception of the 0% treatment letion of water in the root zone in the treatment plots at the MAD level did not adversely impact crop yield, as in the previous year. However, in 2010, depletion in the root zone was limited to the latter part of the irrigation season. Water use eff est in the I 55%A treatment plots, although not significantly greater than the I 80%A , I 80%M , I 55%M , or I
RESPO SE TO DIFFERE T IRRIGATIO A D CROP PRODUCTIO FU CTIO S
Considering the main effect of amount, biomass and dry grain yields increased significan ly with increasing irrigation treatment amounts during both years of the study, as expected. Water use efficiency was greatest at the 80% and 55% levels for the late and early maturing varieties, respectively. For both years, there was a negative linear relationship between IWUE and the amount of irrigation applied. In 2009, yield as a fun tion of irrigation depth applied (Irr) was best fitted with a nonlinear curve: Yield = 1021.9 + 37.2(Irr) + The largest gain in mean yield per unit of water applied (29.3 kg ha -1 mm -1 ) occurred between the 30% and 0% treatment levels, followed by a gain of 24.9 kg ha between the 55% and 30% treatment levels, and a 11.3 kg ha -1 mm -1 between the 80% and 55% treatment le els ( fig. 5 ). RANSACTIONS OF THE ASABE 2010, depletion in the root zone was limited to the latter part of the irrigation season. Water use efficiency was hightreatment plots, although not significantly , or I 30%A treatment plots.
RRIGATIO LEVELS U CTIO S
Considering the main effect of irrigation treatment amount, biomass and dry grain yields increased significantly with increasing irrigation treatment amounts during both years of the study, as expected. Water use efficiency was greatest at the 80% and 55% levels for the late-maturing nd early maturing varieties, respectively. For both years, there was a negative linear relationship between IWUE and the amount of irrigation applied. In 2009, yield as a function of irrigation depth applied (Irr) was best fitted with a eld = 1021.9 + 37.2(Irr) + -0.035(Irr) 2 . The largest gain in mean yield per unit of water applied ) occurred between the 30% and 0% treatment levels, followed by a gain of 24.9 kg ha -1 mm -1 between the 55% and 30% treatment levels, and a gain of between the 80% and 55% treatment lev- The dry grain yields in 2010 also showed a curvilinear relationship between yield and applied water: Yield = 2207.3 + 23.5(Irr) -0.030 (Irr) 2 . The rate of gain in yield was again largest between the 30% and 0% treatment levels (18.4 kg ha -1 mm -1 ), while the gain between the 55% and 30% treatment levels was 13.7 kg ha -1 mm -1 , and that between the 80% and 55% levels was only 3.5 kg ha -1 mm -1 ( fig. 5 ). Optimal WUE occurred somewhere between the 55% and 80% irrigation treatments in 2009 and at the 55% level in 2010. The former value is within the reported range of the optimal percent deficit irrigation level reported by Bordovsky and Lyle (1996) , where 70% of estimated ET was applied to a medium-maturity hybrid of sorghum without significant yield loss (adequate preplant soil water was available). Colaizzi et al. (2004) also reported similar optimal WUE levels for grain sorghum irrigated at 50% and 75% of crop ET using LEPA in the Texas High Plains. Finally, IWUE was greatest at the 55% and 30% levels during the 2009 and 2010 growing seasons, respectively, although differences between other irrigation treatment amounts were not always significant.
CONCLUSION
This study demonstrated that the time-temperature threshold (TTT) method, using a temperature threshold of 28°C and a time threshold of 315 min, can be used to effectively control irrigation scheduling for early and late- [a] In each column, means followed by the same letter are not significantly different at the 0.05 probability level. [a] In each column, means followed by the same letter are not significantly different at the 0.05 probability level. maturing sorghum hybrids cultivated in the Texas High Plains region using LEPA irrigation. This is important for use in automating irrigation scheduling because the TTT method requires minimal ancillary inputs to monitor crop water stress, yet biomass and dry grain yields can be produced at amounts similar to those from scientific irrigation scheduling using soil water measurements with a neutron probe. In addition to providing adequate irrigation management, the benefits of automatic irrigation scheduling can be realized in terms of decreasing management time for producers or crop advisors irrigating multiple fields. Possible problems with the TTT method are that irrigation signals may occur more frequently early in the growing season, prior to full canopy cover, due to high surface radiometric measurements caused by soil background emittance, and cloud cover may reduce canopy temperatures and delay an irrigation signal even when ET demand is significant. With either the manual or automatic methods, the producer must decide when to terminate irrigations for the season. Although these situations can interfere with optimal irrigation scheduling, each can be overcome with the addition of a secondary decision support algorithm developed from data provided by other within-field sensors, such as soil water to determine soil water levels at a particular depth, spectral radiometers to estimate canopy cover, or meteorological data to estimate daily ET c . Still, we note that such secondary decision support systems would only improve the already effective TTT method. For both methods, at 80% replacement of soil water depletion, biomass and dry grain yields were highest for the late and early maturing sorghum varieties. The highest levels of WUE were observed at the 80% and 55% irrigation treatment levels for the late-maturing and early maturing sorghum hybrids, respectively. Crop production functions demonstrate the expected increase in grain yield as a function of increasing amounts of applied water and can be used to help producers in the region establish irrigation levels to realize economically optimal potential grain yields.
